Abstract -The genetic structure of Apis mellifera carnica bee from Slovenia, collected from 269 localities of ten Slovenian districts, was assessed by mitochondrial and nuclear DNA analyses. The level of genetic variability within and among districts was low. All of the samples were fixed for one newly found mtDNA haplotype of the C phylogenetic lineage, designated as C2C. A low level of variability was observed for all microsatellite loci, showing a very homogenous structure of the Carniolan bee population. 
INTRODUCTION
Apis mellifera L. is a highly polytypic species. Based on morphometrics, 24 recognised subspecies from the Old World can be grouped in three evolutionary lineages (Ruttner et al., 1978; Ruttner, 1988) : M for the west European honey bees, A for the African and C for the north Mediterranean subspecies, which can be further divided into four or five evolutionary lineages (M, A, C, O and Y). The great variety of A. mellifera subspecies found around the Mediterranean, fully justifies consideration of this basin as the main gene centre of the species. The group of the central and north-eastern Mediterranean honeybees consists of four closely geographically related subspecies (A. m. ligustica Spinola, A. m. cecropia Kiesenwetter, A. m. macedonica Ruttner and A. m. carnica Pollmann; Ruttner, 1988) . The Carniolan honey bee, Apis mellifera carnica Pollmann, is native to Slovenia and to some regions of the former Yugoslavia, southern Austria, and parts of Hungary, Rumania, and Bulgaria (Ruttner, 1988) . A. m. carnica expanded from its native range to the central and northern European countries, the United States, Canada and to other parts of the world through the practice of exportation. In contrary to the spread of A. m. mellifera, this happened in the second wave of artificial honeybee colonisation, in the second half of the 19th century. The main reasons for the widespread popularity of A. m. carnica, included gentle behaviour, good spring buildup of colonies and good summer honey production (Ruttner, 1992) .
The analysis of mtDNA has been widely used to study the biogeography of A. mellifera subspecies. Five evolutionary lineages of honey bees have been delineated using mtDNA analysis, studying the highly variable COI-COII region (Cornuet et al., 1991; Garnery et al., 1992; Franck et al. 1998 Franck et al. , 2001 ). The variability 624 S. Sušnik et al. in COI-COII region results from the superimposition of length variation (presence/absence of the P sequence, number of reiterated Q sequences, possible small deletions) and nucleotide substitutions. The shortest haplotypes that lack the P sequence and possess a single Q sequence are characteristic of the C lineage . Short size and absence of length variability in the COI-COII region results in a reduced potential for pattern variability in this lineage (Garnery et al., 1993) . Only three haplotypes (C1 in A. m. ligustica, C2a in A. m. carnica, C2b in A. m. caucasica) and 5 polymorphic sites (one insertion/deletion and four transitions) have been reported within the C lineage (Franck et al., 2000) and no variation was observed within subspecies. Based on sequence analysis of the ND2 region, however, two haplotypes were found in A. m. carnica populations from Austria and Slovenia (Arias and Sheppard, 1996) . Accordingly, despite scarce genetic studies it is well documented that A. m. carnica differs from other subspecies at mtDNA level. Mitochondrial DNA study of A. m. carnica and A. m. ligustica samples collected from within areas of endemism also revealed a polymorphism given by the restriction enzyme Xba1 (Meixner et al., 1993) .
The aim of the present study was to analyse the genetic variability of indigenous A. m. carnica in Slovenia, and to follow possible genetic pathways to more or less related honeybee subpopulations in Europe. The area sampled represented only a small fraction of the modern range of A. m. carnica. However, historical facts show that the main part of the modern Carniolan bee population originates from the area of the former Austro-Hungarian province of Carniola, nowadays situated in the central part of Slovenia (Mihelic, 1989) . One of the goals was also to examine the purity or possible admixture of the Carniolan bee in the region of origin. Nuclear and mitochondrial DNA often display discordant patterns of differentiation in honeybees (Franck et al., 2001) , therefore, both of markers (microsatellites and mtDNA) were used to determine the genetic structure of the subspecies A. m. carnica.
MATERIALS AND METHODS

Sampling and DNA extraction
A total of 323 honeybee workers were analysed (Tab. I, Fig. 1 ). One worker represented one colony. 269 honey-bee colonies, one colony per site, separated by at least 2 km, were collected throughout ten Slovenian districts (Koroška, Nova Gorica, Kras, Maribor, Ljubljana, Dolenjska, Bovec, Prekmurje, Gorenjska, Štajerska). In addition, ten samples of the Carniolan bee from Croatia, nine from the Czech Republic, 10 from Greece (A. m. macedonica) and 25 from selected bee lines from the Unije Island breeding program in Croatia, were also included in the analysis. The Unije breeding programme was principally designed to establish the survivorship of bee lines from European institutes without any medication (Büchler et al., 2003) . The tested Unije bee lines belong to A. m. carnica and others presumably not closely related to the bees from Slovenia. These 25 samples came from named "lines" originating from "Hohen Neuendorf" (Germany) (5), Kirchain "K111" (Germany) (5), "Toulouse" (France) (5), "Polen" (Poland) (5), and from a group of "Buckfast J" bees from Germany (5) and were used to determine its relation towards indigenous Carniolan bee population.
Honeybees were frozen and brought to the laboratory in vials containing 100% ethanol. The abdomen with alimentary tract was removed to avoid cross-amplification, and total DNA was extracted from the worker's head, thoraces and legs according to Beye and Raeder's (1993) protocol. Isolated DNA was used for mitochondrial DNA and microsatellite analysis.
Mitochondrial DNA analysis
The mtDNA region including the tRNA Leu gene, the COI-COII intergenic region and the 5' end of the COII gene was amplified using a protocol described by Garnery et al. (1993) . A fraction of the PCR product was run on 1% agarose gel for size determination. The remaining product was restricted with DraI and restriction fragments were separated on 2.5% agarose. Additionally, 27 samples representing all populations and all RFLP mitotypes were sequenced from both ends using BigDye Terminator Ready Reaction Mix (PE Applied Biosystems). Termination PCR reactions were performed on a programmable thermocycler GeneAmp PCR System 9700 (PE Applied Biosystems), under the following conditions: 10 s denaturation at 96°C, 5 s annealing at 50°C and 4 min extension at 60°C, repeated for 30 cycles. The amplified, fluorescently labelled and terminated DNA was precipitated with sodium acetate and ethanol and analysed on the ABI PRISM 310 automated sequencer. Sequence alignments were done using the computer program Clustal X (Thompson et al., 1997) . 
Microsatellite analysis
All honeybee samples were analysed for six microsatellite loci; Ap53 (Franck et al., 1999) , A7, A24, A88, A43 (Estoup et al., 1995) and A8 following published protocols for amplification.
Aliquots of fluorescently labelled amplified DNA were mixed with formamide and GENESCAN-350 (ROX) Size Standard (PE Applied Biosystems) and genotyped on the ABI Prism 310 Genetic Analyser using the GeneScan TM Analysis Software 2.1.
Population genetic statistics were computed using GENETIX software (Belkhir et al., 1998) . Genetic diversity within populations was evaluated by computing allele frequencies and observed and unbiased expected heterozygosity. F-statistics were estimated using the estimators of Weir and Cockerham (1984) . Departure from Hardy-Weinberg equilibrium was tested and the F is estimator calculated for each data set. The genetic differentiation between populations was tested by permuting individuals between samples and by computing θ (F st estimator) for each matrix. Factorial Correspondence Analyses (CA) were also conducted using GENETIX software. In each analysis, individuals were first coded according to the presence of the different alleles as: 0 (does not possess allele), 1 (heterozygote), and 2 (homozygote for the allele). Then, composite axes (where each variable contributes differently to the global inertia) that optimised the differences among the analysed individuals were produced. Using CA, different genetic pools can be detected. Furthermore, direct correlation between individuals and alleles can be obtained and discriminant values of each allele can be predicted.
RESULTS
Mitochondrial DNA
The RFLP analysis of the COI-COII mtDNA region was performed. Nevertheless, regarding to the total length of PCR products (~570 and 640 bp) and to the main distribution of restriction fragments, the COI-COII haplotype could be properly assigned according to already established and verified restriction maps of COI-COII (Franck et al., 2001 ) to the proper honeybee phylogenetic lineage. To confirm the RFLP results and to define the exact haplotypes, 27 PCR fragments from samples showing different RFLP patterns and belonging to different populations, were sequenced (Tab. I).
Obtained sequences were aligned with published sequences of 42 different haplotypes of honeybees. Except for the samples from the selected line "Toulouse", characterised as haplotype A8, all other determined sequences were of the C phylogenetic lineage, differing in only five already known polymorphic sites (Fig.1 , Tab. II). Nevertheless, all haplotypes could not be defined according to already published ones (Franck et al., 2001 ). In Table II , nucleotides at five variable positions are indicated and new haplotype names are proposed. The haplotypes found in all populations and selected lines are shown in Table I . A. m. carnica populations were monomorphic, characterised by a newly found Table II . Nucleotides at five already described variable positions of COI-COII mtDNA region, differentiating haplotypes of A. mellifera C phylogenetic lineage.
Polymorphic site
Haplotype designation 1 2 3 4 5
Previously described haplotypes of the C phylogenetic lineage (Franck et al., 2001 ;
haplotype, designated as C2C. In the Czech population, haplotype C1 was also found. Samples of A. m. macedonica subspecies were also found to be monomorphic for haplotype C2D, differing from A. m. carnica-specific haplotype in two C-T transitions (Tab. II).
Microsatellite loci
All six loci were polymorphic in all samples analysed including the Slovenian group of bees. The Slovenian population of A. m. carnica was characterised by possessing 90 alleles at 6 microsatellite loci, where 38 alleles could be described as rare with frequency distributions of less than 5% in all sub-populations (Tab. III). The heterozygosity in the Slovenian bee population was relatively high, ranging from 0.322 for locus A88 to 0.787 for locus Ap53. A deficiency of heterozygotes was detected at two loci in the Slovene populations. Allele frequencies at other loci were in HardyWeinberg equilibrium.
The Greek honey bee samples, presumed to belong to the subspecies A. m. macedonica, showed less intra-group variability than other groups analysed. They exhibited one-fixed allele (139) at locus A43 and also one allele at a frequency of >90% at two other loci (A24 and A7).
For detection of different genetic pools between all samples, a multidimensional correspondence analysis was performed (Fig. 2) . According to the cluster analysis no differentiation among Slovene sub-populations was found; the rare alleles had no influence on individual distribution (data not shown). Furthermore, analysing all populations included in the study, the differentiation was not high, the inertia of the first four axes being 4.05%, 3.85%, 3.32% and 3.12%, respectively.
The close relationship of all A. m. carnica samples is evident from Figure 2 . The only exception is the group from the Czech Republic, which does not fit completely in this cluster. Even more; some of the individuals were distributed towards samples from some of the selected lines ("Buckfast J" and "Toulouse"). The samples originating from A. m. macedonica form a completely separate and very homogenous cluster located on the positive side of the first axis in the cluster analysis diagram. This separation was mainly influenced by three characteristic alleles (215 and 213 at locus Ap53, and 135 at locus A88). Other alleles had no visible influence on sample distribution as they were present in different populations or selected lines in different frequencies.
Pairwise F st values were quite low, but still sufficient to indicate significant differences between some Slovenian districts (Tab. IV). Furthermore, pairwise F st values estimated among all population pairs were relatively high and pointed out highly significant differences between most of the population pairs analysed (Tab. V). As already shown by the cluster analysis, the Croatian and Czech samples did not significantly differ from Slovenian samples (low F st values: 0.01832 and 0.02343, respectively).
Samples from the subspecies A. m. macedonica formed the most distinct group among the populations analysed (Fig. 2) . Pairwise F st values ranged from 0.15384 to 0.35092, and all values are also highly significant (Tab. V).
Bees that originated from the selected line "Polen" were closely related to populations belonging to A. m. carnica subspecies. The "K111" line from Germany and the "Toulouse" selected line did not cluster in the Carniolan group, but they expressed a certain level of similarity to each other.
DISCUSSION
According to the results of molecular analysis (mtDNA and microsatellites), the Slovenian honeybee population seems to be very uniform, almost undifferentiated. This result could be underlined by the fact that the same bee population has been the main genetic source for many A. m. carnica honeybee groups, which are distributed all over the world or crossbred to form new selected lines with specific characteristics. The bees from Croatia are closely related to the Slovenian bee population, geographically and genetically. Both populations are characterised with only one mtDNA haplotype of COI-COII region, belonging to C phylogenetic lineage and designated as C2C. In the intergenic spacer of the COI and COII mtDNA region, the C evolutionary branch of A. mellifera is almost invariant, with only three described haplotypes. In this study, two additional haplotypes were detected, differing from To complete the knowledge of Carniolan bee genetic structure, our work represents the first study to describing the genetic structure of an A. m. carnica population in the centre of its origin. The differentiation among Slovenian subgroups of samples was very low, despite the highly polymorphic markers that were used. The group sampled around Nova Gorica (Western low-land district of Slovenia) was distinct from the groups sampled in Karst, Dolenjska, Prekmurje and Štajerska regions. Bees from Štajerska region were also different from those originating from the Prekmurje (North-eastern region). The basic reason for differences between particular groups of samples can not be explained at present. It is probably a consequence of coincidental admixture of the honeybee population from neighboring regions. A. m. carnica occurs close to A. m. ligustica in the western low-land district around Nova Gorica and Karst region. A further study including populations from Italy and Austria should be conducted to examine the natural introgression between the distinctive sub-populations. These results will be of particular interest for beekeepers in the future in the case of abolition of the political and market borders between Italy and Slovenia. Within the Slovenian study area, three morphologically distinct "ecotypes" have been described (Ruttner, 1992) ; the Alpine, Pannonian and Dalmation. Although we conducted no morphological classification, the three ecotypes should occur in eastern Slovenia. However, bee samples from that area were genetically very uniform and showed similarity to other Slovenian samples.
Based on the loci used in this study, Slovenian bees did not differ from Croatian ones at the nuclear DNA (microsatellite) level. The reason for that could be found in a long border between both countries and the fact that beekeepers from both countries exchange honey bees. The genetic structure of the samples from the Czech Republic indicates a certain level of hybridisation between the native Czech A. m. mellifera bee population and A. m. carnica derived primarily from Austrian and Slovenian honeybee gene sources (Poklukar, 1999b) .
Bees from the Unije selected lines showed a different level of similarity with native Carniolan bee populations. Their genetic composition reflected the controlled admixture of Carniolan bees and bees from other phylogenetic lineages.
The subspecies A. m. macedonica belongs to the C phylogenetic lineage of European honey bees (Ruttner, 1988) . It was highly differentiated and separated from the A. m. carnica samples, based on both mtDNA and microsatellite markers. Following the definition of Hartl and Clark (1997) (Ruttner, 1988; Arias and Sheppard, 1996) .
Modern honeybee populations in many parts of the world are mostly hybrids between native and introduced populations. In some places, they can be considered to reflect rapid migration and successive genetic bottlenecks in localities where they did not exist before (i.e. the New World , Australia, etc.). Genetic studies of endemic honeybee populations are very valuable. In addition to the basic characterisation of specific populations, they can also explain the genetic variability of the newly selected sub-populations and contribute to a wider understanding of the honeybee's genetic structure in general. Honeybee populations in Slovenia express genetic variability selected in nature for thousands of years. This study represents the first attempt to characterise the genetic variability of Slovenian autochtonous bee populations, that remain major sources of indigenous Carniolan bee genes. Bee breeding programmes in Slovenia and honeybee conservation activities currently underway (Poklukar, 1999a) 
